Lévesque, C. A., Harlton, C. E., and de Cock, A. W. A. M. 1998. Identification of some oomycetes by reverse dot blot hybridization. Phytopathology 88:213-222.
tides or amplified PCR fragments. The reverse dot blot system based on arrays of oligonucleotides showed far fewer cross-hybridizations than one based on entire amplified ITS I fragments. Unknown species can be identified simply by visualizing the positive hybridization reaction between the DNA labeled directly from the sample and the immobilized specific oligonucleotide. Currently, the assay can be used to identify Pythium aphanidermatum, P. ultimum, P. acanthicum, and Phytophthora cinnamomi. An oligonucleotide that was originally designed to identify Phytophthora hybridized to 10 of the 14 Phytophthora species tested. Another oligonucleotide designed to identify oomycetes hybridized to the 68 species tested, which represented two of the four orders of this phylum.
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Identification of oomycetes is still based primarily on morphological characters (6, 40) . High variability within key structures leads to considerable overlap between species and to potential errors in identification, especially for mycologists who do not have many years of experience working with this group (13, 14) . Molecular techniques can be useful not only to identify species, but to better understand the evolutionary relationships between species (7, 25) . Separation of proteins by electrophoresis has been used to differentiate Pythium species (4, 9) , and a species-specific antibody for P. ultimum has been developed (44) . Restriction fragment length polymorphism (RFLP) of total DNA (29) or of amplified ribosomal DNA (8, 10) has been used to differentiate and study relationships between certain Pythium species. Spacers of the genomic ribosomal DNA cistron amplified by polymerase chain reaction (PCR) have been used as species-specific probes in standard dot blot assays (23, 30) . For some species of Phytophthora, oligonucleotide probes were designed by comparing their internal transcribed spacer (ITS) sequences (26, 27) , and speciesspecific genomic DNA probes selected from random clones have been developed for P. citrophthora and P. nicotianae (synanamorph P. parasitica) (16, 17) .
These techniques, particularly the standard dot blot and antibody-based assays, are convenient to test many samples for the presence of one particular pathogen. However, they are not efficient to identify an isolate when there are many possibilities to be addressed (e.g., when isolates lack reproductive structures) or when several different pathogens that might be present within a given sample are to be tested simultaneously. There are some recent studies in which a few pathogens were assayed simultaneously. For example, two species-specific pairs of primers were simultaneously used in a single PCR reaction to test for the presence of two pathogens (3, 18 ). An interesting variation of this technique was developed by using a fluorescent dye-labeled nested primer located between a pair of specific primers (38) . This technology, called TaqMan, can potentially detect up to three pathogens in a single reaction without having to visualize the results on an agarose gel. Such multiplex PCR reactions are limited by the number of primer pairs that can be used in a single reaction, the number of bands that can be clearly identified to a species level without giving false positives, and/or the number of different fluorescent dyes currently available. There is therefore a need for an approach in the molecular identification of fungi that could detect large numbers of species at once.
A relatively novel technique called the reverse dot blot has been successfully used to detect, in a single assay, a range of mutations related to different human disorders (36) and more recently to monitor bacteria from environmental samples (41) . This technique involves the use of multiplex PCR to simultaneously amplify and label the regions of the DNA that are used to design the specific oligonucleotides. The labeled PCR products are used as probes for hybridization with a membrane that contains an array of specific oligonucleotides. Mutations or species present in a sample are determined from the positive reactions in the hybridization test. Reverse dot blot has also been used with specific PCR fragments blotted on the membrane and labeled genomic DNA used for probing (24) . In a similar fashion, it was used with a single dot to detect Erwinia amylovora (33) .
The objective of this study was to demonstrate the feasibility of the reverse dot blot technique for the identification of selected oomycetes: Pythium aphanidermatum, P. acanthicum, P. ultimum, and Phytophthora cinnamomi. Identification at the phylum level for the oomycetes and at the genus level for Phytophthora was also undertaken.
MATERIALS AND METHODS
Fungal collection. A collection of 166 isolates was used in this study (Table 1) . Cultures of oomycetes were maintained on slants under mineral oil and in water (11) . This collection contains several genera of Oomycetes and a few of Chytridiomycetes, Zygomycetes, and Ascomycetes. Fungal growth and DNA extraction. All isolates were grown according to previously published procedures (30) . DNA was extracted from 5-to 10-day-old cultures as described previously (19) . DNA pellets were resuspended in Tris-EDTA and diluted to a concentration of approximately 50 ng µl −1 . DNA amplification and labeling. For preparing membranes with immobilized ITS I region, approximately 10 ng of total DNA template was amplified by PCR with primers ITS1 and ITS2 (43) . The PCR reagents were obtained from a kit (Perkin Elmer, Norwalk, CT). A DNA thermocycler 480 (Perkin Elmer) was used for 39 cycles of 1 min at 94°C, 1 min at 60°C, and 1 min at 72°C with a final 10-min extension at 72°C. For labeling, conditions were as described above, except that primers ITS1 and ITS4 were used with 16.7 µM dTTP and 8.3 µM alkaline labile DIG-dUTP (digoxigenin-11-dUTP; Boehringer Mannheim GmbH, Mannheim, Germany) instead of 200 µM dTTP. The final product was ethanol-precipitated in LiCl according to the protocol from the manufacturer of DIG-dUTP.
Blotting entire ITS I. PCR products were gel purified with the Wizard PCR preps kit (Promega, Madison, WI) and quantified by using λ DNA digested with ClaI to provide a size standard at 2.2 ng µl −1 for the smallest band of 290 bp, the average size of the PCR products obtained. The gels were photographed over a 300-nm UV light source. Densitometry of a scanned negative of the gel with the software NIH IMAGE (35) was done to generate a standard curve, to estimate the concentration of gel-purified PCR products, and to adjust to a final concentration of 12.5 ng µl . An aliquot of 2 µl of DNA was mixed with 0.5 µl of 2.5 N NaOH, and 0.2 µl of the mix was dotted (2 ng per dot) 6 mm apart on a dry, positively charged nylon membrane (Boehringer). Membranes were baked at 120°C for 1 h.
Hybridization with immobilized PCR products. Membranes were prehybridized in 20 ml of hybridization solution (Boehringer) for a minimum of 1 h at one of the hybridization temperatures listed below. Between 2 and 10 ng of DNA from the PCR reaction product was used as a probe for hybridization in 8-ml volume. Overnight hybridization, a room-temperature wash in 2× SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0), and two final washes in 0.1× SSC were done according to the procedure of Boehringer. Hybridizations and final washes were performed at 60 and 68°C, 60 and 73°C, 68 and 68°C, 68 and 73°C, 68 and 80°C, 68 and 95°C, 72 and 72°C, 72 and 76°C, 75 and 75°C, 75 and 80°C, 75 and 95°C, 80 and 80°C, and 80 and 95°C, respectively. Digoxigenin was detected by chemiluminescence according to the protocol from the manufacturer by using 3-(2′spiroadamantane)-4-methoxy-4-(3″-phosphoryloxy)-phenyl-1,2-dioxetane (Lumigen-PPD) with 15-to 60-min film exposure (XOmatic K; Kodak, Rochester, NY) on the day after the Lumigen-PPD was added. Hybridizations were done at least twice. Membranes were erased according to the procedure of Boehringer for alkaline-labile DIG-dUTP. Table 2 were poly(dT)-tailed at the 3′ end and blotted according to the procedure of Kawasaki et al. (22) . A control with the ITS I and ITS II regions amplified with the primer pair ITS5 and ITS4 (43) was also added by using 4 ng total of an equal mix of amplified DNA of Gloeosporium sp., Phytophthora megasperma, Pythium heterothallicum, and Mortierella sp. The detection control dot contained 2 ng of the same ITS region of Pythium ultimum that had been labeled by PCR with alkaline stable DIG-dUTP. These controls were blotted after heat denaturation. Membranes were irradiated by UV (Stratalinker 1800; Stratagene, San Diego, CA) to bind the DNA (22) .
DNA sequencing
Hybridization with immobilized oligonucleotides. Membranes were prehybridized in 20 ml of hybridization solution (Boehringer) for a minimum of 1 h at the hybridization temperature described below. From 50 to 100 ng of labeled DNA from the PCR reaction was added to 8 ml of hybridization buffer. Hybridization for a minimum of 2 h, a room temperature wash in 2× SSC, and two final washes were done according to the procedure of Boehringer. A subset of isolates was used, and hybridizations and washes were done at 55, 58, 60, and 65°C in addition to hybridization and final wash combinations of 45 and 58°C and 55 and 58°C, respectively. Final washes were done subsequently in either 0.1, 0.5, 1.0, or 2.0× SSC. Digoxigenin was detected as stated above. Membranes were erased according to the procedure of Boehringer for alkaline labile DIG-dUTP.
RESULTS
Reverse dot blot with immobilized PCR products. Differences among patterns of hybridization dots were obtained for a range of Pythium species, but identification to species level was difficult. Even under conditions of very high stringency, background and cross-hybridization reactions were observed. For example, hybridization at 80°C of reverse dot blot membranes with P. acanthicum DNA followed by washes at the same temperature with 0.1× SSC gave extensive cross-hybridization (Fig.  1A) . Other species, such as P. irregulare, exhibited an even higher level of cross-hybridization (data not shown). Fungi such as P. aphanidermatum (Fig. 1B) and P. ultimum (Fig. 1C) that hybridized under the same conditions showed marginally lower levels of cross-hybridization. Similar results were observed when this approach was used with some Phytophthora species (data not shown).
Sequencing and oligonucleotide design. Sequences of the ITS I regions were determined for three different Pythium species (Fig.  2) . Potential species-specific, genus-specific, and oomycete-specific primers were designed by using this alignment and that of Lee and Taylor (26) . Selected oligonucleotides were tested by reverse dot blot (Table 2) .
Reverse dot blots with immobilized oligonucleotides. The optimum conditions selected for hybridizations and washes were determined to be 55°C followed by final washes with 2.0× SSC. The oomycete oligonucleotide hybridized to seven different genera of that group but not to any of the other fungal genera tested (Fig.  3) . It also hybridized to all Phytophthora and Pythium species tested (Figs. 4 and 5) .
Several species were used to verify the genus specificity of the Phytophthora oligonucleotide. The Phytophthora species tested hybridized to the oligonucleotide, except P. nicotianae and P. citricola (Fig. 4) . The intensity of the hybridization signal was lower with P. cactorum and P. infestans. Several isolates of P. cinnamomi were tested (Table 2) , and all hybridized to the oligonucleotide designed for this species (Fig. 4) .
Many isolates of the two varieties of P. ultimum were tested (Table 1) , all of which hybridized to the oligonucleotide for P. ultimum, as shown in Figure 5 . Isolates of Pythium group G also hybridized. None of the other species tested hybridized to this oligonucleotide (Fig. 5) . All test isolates of P. acanthicum hybridized to the two oligonucleotides (92 and 132) designed for P. acanthicum.
Oligonucleotide 132 also hybridized with P. oligandrum and P. acanthophoron, whereas the oligonucleotide 92 hybridized faintly to P. acanthophoron. All test isolates of P. aphanidermatum hybridized to the oligonucleotide designed for this species (Fig. 5) . However, strong cross-hybridization was observed with P. deliense and P. hypogynum, and weaker reactions were observed with P. aristosporum and P. arrhenomanes (Fig. 5 ). Hybridization and washes done at 60°C showed that the P. deliense cross-reaction was still as strong as the reaction with P. aphanidermatum, while the others no longer cross-hybridized (Fig. 6 ). At this higher temperature, the universal oligonucleotide also did not hybridize.
The hybridization results were highly reproducible. Probes made from different PCR amplifications of the same isolates gave the same results with erased or newly blotted membranes. For selected isolates, the initial hybridization solution was reused with different membranes five consecutive times during a 4-month period. Results were highly consistent, but for each subsequent hybridization, film exposure had to be increased by a few minutes to achieve equivalent intensities. Table 2 ) to demonstrate the specificity of the oomycete and genus Phytophthora oligonucleotides (first two dots on the left of each membrane). The species listed on the left were used to make the probes for each hybridization (Table 1 has isolate numbers). Hybridizations and washes were performed at 55°C. The three dots on the right are controls (C.): oligonucleotide = universal ITS2 and ITS4 (Table 2) ; ITS rDNA = amplified and mixed ITS I from a wide range of genera; and detection = ITS I amplified and labeled with alkaline stable DIG-dUTP (digoxigenin-11-dUTP) (the membrane used for Pyrenophythora litchii was blotted at that location with an alkaline labile DIG-dUTP by mistake). Table 2 ) to demonstrate the specificity of the genus Phytophthora and the P. cinnamomi oligonucleotides (second and seventh dots of each membrane). The Phytophthora species listed on the left were used to make the probes for each hybridization (Table 1 has isolate numbers). Hybridizations and washes were performed at 55°C. The three dots on the right are controls (C.): oligonucleotide = universal ITS2 and ITS4 (Table 2) ; ITS rDNA = amplified and mixed ITS I from a wide range of genera; and detection = ITS I amplified and labeled with alkaline stable digoxigenin-11-dUTP. Table 2 ) to demonstrate the specificity of the Pythium acanthicum, P. aphanidermatum, and P. ultimum oligonucleotides. The Pythium species listed were used to make the probes for each hybridization (Table 1 has isolate numbers). Hybridizations and washes were performed at 55°C. The three dots on the right are controls (C.): oligonucleotide = universal ITS2 and ITS4 (Table 2) ; ITS rDNA = amplified and mixed ITS I from a wide range of genera; and detection = ITS I amplified and labeled with alkaline stable DIG-dUTP (digoxigenin-11-dUTP) (the membrane used for P. vanterpoolii was blotted at that location with an alkaline labile DIG-dUTP by mistake).
DISCUSSION
Two variations of the reverse dot blot technology were tested to identify oomycetes. The reverse dot blot with the immobilized entire ITS I is quite simple to develop and shows potential for identifying some species when pure cultures are used. This approach is a logical continuation of previous work by Lévesque et al. (30) , where it was shown that the entire ITS I of P. ultimum could be used as a species-specific probe in standard dot blot assay. Positive results for P. ultimum (Fig. 2C) in the reverse dot blot assay with entire ITS I support these earlier findings. However, the reverse dot blot technique must be amenable not only to the identification of pure cultures, but ultimately to the direct processing of environmental samples from sources such as spore traps, soil, roots, and water. Patterns observed in reverse dot blots designed with the entire ITS I may prove useful to fully or partially identify a pure culture but will not work with field samples that might contain a mixture of species. For this reason, the reverse dot blot approach with the entire ITS I was not pursued further. Klassen et al. (23) showed that the 5S ribosomal RNA gene spacer could be used as a species-specific hybridization probe. This spacer might lend itself better to conversion to the reverse dot blot technique with entire species-specific PCR products immobilized on membranes.
Reverse dot blot with immobilized oligonucleotides gave much less ambiguous results than reverse dot blot with immobilized PCR products. All the species targeted in this study were identified by the reverse dot blot assay. Work with the cystic fibrosis gene has shown that a single base mismatch is enough to design a mutation-specific oligonucleotide for reverse dot blot (22) . This is potentially a problem if one wants to be certain that a given oligonucleotide covers the range of variation in a species. To minimize this possibility, the species-specific oligonucleotides in this study were tested against isolates from different continents.
The oomycete oligonucleotide hybridized to all oomycete species tested but not to other zoosporic or coenocytic fungi. However, before it can be concluded that this is an oomycete-specific probe, its hybridization capability has to be confirmed in tests with representatives of groups that were not included in this study, such as the Leptomitales or downy mildews. The phylum Oomycota is now classified in the kingdom Stramenopila (2) . Available ITS sequence data of stramenopiles (21,39) that do not belong to Oomycetes show as much dissimilarity with the oomycete-specific oligonucleotide sequence as does the genus Penicillium (32), which did not hybridize at all with the oomycete oligonucleotide. On the basis of the sequence differences, it is unlikely that the oomycete oligonucleotide would have hybridized to other stramenopiles.
The oligonucleotide developed for the genus Phytophthora hybridized with most Phytophthora species tested. It is noteworthy that this oligonucleotide reacted strongly only with Phytophthora species with nonpapillate sporangia, except P. inflata, which has semipapillate sporangia. The oligonucleotide for the genus Phytophthora developed by Lee et al. (27) was hybridized by reverse dot blot, but its melting temperature was too low for the final conditions adopted (data not shown). Sequence extension of this oligonucleotide was not possible because of sequence heterology among species of Phytophthora. This oligonucleotide was located at the 3′ end of the ITS I spacer, whereas the one designed for the present study was located at the 5′ end. P. cactorum and P. infestans consistently gave the same faint hybridization reaction with the Phytophthora genus oligonucleotide developed for this study. The sequences of P. infestans published by Cooke et al. (12) after the present study was completed showed that our genus Phytophthora oligonucleotide had one mismatch six bases from the 5′ end. The P. cactorum sequence from Cooke et al. (12) showed the same mismatch as well as another mismatch at the final base of the 5′ end. The genus Phytophthora oligonucleotide from Lee et al. (27) had two consecutive mismatches at the far 3′ end for P. cactorum but still hybridized to this species in standard dot blot assay. Likewise, the additional mismatch at the far 5′ end for P. cactorum did not appear to decrease the hybridization signal compared with that observed with P. infestans, which had only one mismatch closer to the middle (Fig. 4) . These observations would support the conclusion by Kawasaki et al. (22) that mismatches in the middle of an oligonucleotide are more destabilizing than those at the 5′ or 3′ end.
All isolates of P. ultimum hybridized to the oligonucleotide developed for this species, including isolates from P. ultimum var. sporangiiferum and Pythium "group G." This was consistent with standard dot blot results obtained previously (30) . The results suggest that the isolates identified as Pythium group G actually represent sexually sterile P. ultimum isolates (37) . Using three different molecular techniques, Francis et al. (15) concluded that the two varieties of P. ultimum were not genetically distinct. Using 5S ribosomal RNA gene spacer probes, Klassen et al. (23) found that there were two molecular groups within P. ultimum but that these groups did not correlate well with the variety classification (i.e., half the P. ultimum var. sporangiiferum isolates were similar to P. ultimum var. ultimum for molecular markers). Cross-reactions between the varieties were also observed on overexposed blots (23) . Our partial reverse dot blot results with amplified PCR fragments also support the fact that there are at least two molecular groups for P. ultimum (Fig. 1C) .
For identification of P. acanthicum, oligonucleotide 132 reacted strongly with P. acanthicum, P. acanthophoron, and P. oligandrum, while oligonucleotide 92 reacted only to P. acanthicum and P. acanthophoron. This combination of oligonucleotides can be used to identify either P. oligandrum or P. acanthicum. These results are consistent with the fact that P. oligandrum shares significant characteristics with P. acanthicum: both have ornamented oogonia and contiguous sporangia (40) . The hybridization reactions of P. acanthophoron were more like those of P. acanthicum than P. oligandrum, although hybridization with oligonucleotide 92 was faint. Morphologically, P. acanthophoron is very similar to P. acanthicum, except that it lacks the ability to produce sporangia in culture (40) .
The oligonucleotide developed for P. aphanidermatum crosshybridized with some other Pythium species at 55°C, but when the assay temperature was increased to 60°C, cross-hybridization with only P. deliense was observed. In the taxonomic treatise of Pythium species by Van der Plaats-Niterink (40), these two spe- Table 2 ) to demonstrate the specificity of the Pythium aphanidermatum oligonucleotide. The Pythium species listed on the left were used to make the probes for each hybridization (Table 1 has isolate numbers). Hybridizations and washes were performed at 60°C. The three dots on the right are controls (C.): oligonucleotide = universal ITS2 and ITS4 (Table 2) ; ITS rDNA= amplified and mixed ITS I from a wide range of genera; and detection = ITS I amplified and labeled with alkaline stable digoxigenin-11-dUTP. cies are separated mainly by the curvature of the oogonial stalk in P. deliense. On the basis of present molecular and morphological evidence, it appears that the taxonomic status of these two species needs further clarification. The best results for identification of P. aphanidermatum were obtained at a higher temperature than that used for the other oligonucleotides, which poses a technical problem. However, we demonstrated that it is possible to obtain the same results as those shown in Figures 5 and 6 from a single hybridization done at 55°C (data not shown). After initial washes at 55°C followed by detection, more stringent washes and another detection can be performed on the same membrane.
One of the main advantages of the reverse dot blot technique is the potential for the integration of results from several other studies into a single assay. This is exemplified by the rapid expansion of the cystic fibrosis mutation screening assay (42) . With the species-specific oligonucleotide for Phytophthora cinnamomi from Lee et al. (27) , we have also demonstrated that the results from standard dot blot with oligonucleotides can be directly applicable to reverse dot blot. However, as shown with the example of the oligonucleotide for all Phytophthora species from Lee et al. (27) , it will not always be possible to use oligonucleotide data directly from the work of others. As its name indicates, the reverse dot blot can use immobilized standard dot blot probes. Normally, in a standard dot blot assay, each of these oligonucleotide probes would be used at its own optimized hybridization condition. However, in a reverse dot blot assay, the oligonucleotide probes must all be used under the same conditions. The necessity for standardization of the melting temperatures in the design of all the oligonucleotides continues to be the principal technical difficulty and the main reason that species-specific oligonucleotides, used successfully in standard dot blot, have to be modified before use with this new technology. Equations for estimating melting temperature do not always predict accurately the optimal hybridization condition (27) . Furthermore, the optimal standard dot blot hybridization condition for a given oligonucleotide may not match the optimal condition required for reverse dot blot (data not shown). Initial screening of oligonucleotides by standard dot blot was abandoned for this reason. The hybridization kinetics of the standard dot blot are probably quite different from those of a reverse dot blot. In the former, a short, free-floating molecule must bind and stay attached to a long, immobilized one; and in the latter, it is the short molecule that is immobilized to bind to the free, long ones. With the current increased usage of reverse dot blot in the medical field, it is hoped that more will become known about the theoretical melting point to facilitate the design of oligonucleotides for this technology.
We have demonstrated that the reverse dot blot technology can be used for identification of some oomycete species. There are numerous possibilities for expanding and refining this technology further. We have used only one pair of PCR primers to generate the labeled ITS region. Reverse dot blot has been used by labeling entire bacterial genomes (24) or by using several pairs of primers in a multiplex PCR reaction (22) . As the GenBank database increases (5) and as insightful interpretations of the data allow updates of the classification, integration of more organisms into identification systems should become possible. For example, if sets of species-specific oligonucleotides from mitochondrial and nuclear DNA exist for a given group of fungal species, it would be possible to have a reverse dot blot assay that would simultaneously identify and validate a given isolate with these two very different sets of oligonucleotides. Primers targeting genes for avirulence or fungicide tolerance with nested specific oligonucleotides could also be incorporated in a reverse dot blot assay to go beyond species identification. Existing technologies can already overcome the physical limitations related to the number of specific oligonucleotides that can be blotted on a single membrane. More than one million different oligonucleotides have been synthesized directly on a silicon surface (31) . The "lab in a microchip" design, being pursued by several companies, will drastically speed up sample processing for hybridization to oligonucleotide arrays and is likely to reduce cost as well (34) . Since the first paper in 1989 describing hybridization to immobilized arrays of oligonucleotides (36) , the number of papers in the medical field has almost doubled every year, reaching 30 in 1995. The majority of these papers describe detection of genetic disorders, but there is an increasing number of papers that focus on detection and identification of pathogenic bacteria or viruses (1, 20) . With more complex arrays, the reverse dot blot technology could be useful for routine identification of fungi, diagnosis of plant diseases, and detection of fungi in soil or spore traps. The opportunities for integrated disease management arising from the applications of new detection technologies were recently reviewed (28) .
